Objectives: To conduct an exploration of the hospital costs of extracorporeal life support therapy. Extracorporeal life support seems an efficient therapy for acute, potentially reversible cardiac or respiratory failure, when conventional therapy has been inadequate, or as bridge to transplant, but unfortunately, no evidence in randomized controlled trials is delivered yet. Design: Single-center retrospective exploratory cohort cost study. The study is performed from a hospital perspective with a time horizon of patients' complete hospital admission in which they received extracorporeal life support. Setting: ICU of a university teaching hospital in The Netherlands. Patients: All 67 consecutive adult patients who were admitted to the ICU of the University Medical Center Groningen in the period 2010-2013 and received extracorporeal life support treatment. Intervention: None.
T he indication for extracorporeal life support (ECLS) by means of extracorporeal membrane oxygenation (ECMO) is acute, potentially reversible cardiac or respiratory failure, when conventional therapy has been inadequate (1). In addition, ECLS can also be used in patients with chronic respiratory or cardiac failure as a bridge to transplant and to support cardiopulmonary resuscitation, that is, extracorporeal cardiopulmonary resuscitation (ECPR) (2) .
ECLS seems an efficient therapy for cardiac and respiratory failure, but unfortunately, no undisputed evidence in randomized controlled trials has been delivered yet. The increased use during the H1N1 pandemic in 2009, the Conventional ventilation or ECMO for Severe Adult Respiratory failure trial published that same year, and advances in device technology enhanced interest in the utilization of ECLS in adults (3) (4) (5) . The CESAR trial was the first adult trial performed for cost comparison between ECMO-based management and mechanical ventilation for severe adult respiratory distress syndrome (ARDS). Mean healthcare costs per patient were more than twice as high for patients allocated to consideration for treatment by ECMO than for those allocated to conventional management. Mean healthcare costs in the first 6 months per patient in the ECMO-based group were $119,551 (5) .
Scarce resources are a reality in healthcare systems, and major concerns exist about rising costs. There is a constant challenge to maximize health benefits within the resources available, which increases the search for cost-effective therapies (6) . Interpreting and comparing cost-effectiveness of ECLS between studies are technically difficult because methodology in cost analyses varies significantly, which makes direct comparisons between patient populations difficult.
Because ECLS is an established therapy in neonates and, to a lesser account, in pediatric patients, most economic evaluations involve these patient groups (7) (8) (9) (10) (11) (12) . In neonatal patients, the largest prospective economic evaluation concerned 185 neonates with severe respiratory failure and was conducted alongside a randomized controlled trial. This study and the later published Cochrane review showed that ECLS was costeffective in neonates with severe respiratory failure (8, 13) . ECMO generated an incremental cost per life year gained of £13,385 ($ 21,630) and an incremental cost per disability free life year gained of £23,566 ($ 38,082) over a 7-year time horizon (8) .
The Netherlands has a private healthcare insurance system where every person has a mandatory insurance with a standard premium independent of income. This insurance covers most essential care, that is, specialist care in hospital. Although there is a registration of ECLS in the hospital administration in the Netherlands, it does not lead to a separate financial compensation; in other words, the reimbursement is the same regardless of the patient received ECLS or not.
Currently, no detailed information on hospital costs of ECLS therapy is available.
The primary aim of this study was therefore to conduct a detailed exploratory cost assessment to gain insight into the hospital costs related to ECLS therapy.
PATIENTS AND METHODS

Study Design
We performed a single-center retrospective exploratory cost study in the University Medical Center Groningen (UMCG) in the Netherlands. All consecutive patients( more than 18 years old) who were admitted to the ICU of the UMCG in the period 2010-2013 and received ECLS treatment (Maquet Cardiohelp) were included in this study. The cost study is performed from a hospital perspective with a time horizon of patients' complete hospital admission in which they received ECLS. The bottomup microcosting method was used for all cost calculations unless stated otherwise.
Study Endpoints
The primary endpoint was the hospital costs. Secondary endpoint was hospital mortality.
Data Collection
Our analysis is largely based on prospective gathered data derived from the Dutch National Intensive Care Evaluation (NICE) registry. In the NICE registry database, demographics, the presence of chronic diseases and comorbidities, reason for admission, ICU course, and outcome characteristics are prospectively collected for every ICU patient.
Patient medical records and patient records of the clinical perfusion department were analyzed to collect data regarding indication and duration of ECLS therapy and information about surgical technology and procedures during ECLS therapy. Information on healthcare consumption of all included patients was used to estimate costs during hospitalization.
Regarding the costs directly related to the ECLS intervention itself, a distinction was made between costs of additional human resources, surgery hours, and costs of devices and disposables. Costs were divided in mean costs of ECLS positioning and procedures and costs of daily surcharge of ECLS therapy. The costs for ECLS procedures, such as connection to ECLS, a cannula or system change, and the removal of ECLS, were independent of duration. The daily surcharge of ECLS therapy was dependent of duration of ECLS therapy.
Four ECLS procedures were assessed in detail for all patients: ECLS connection, ECLS cannula switch, ECLS system switch, and ECLS removal. For each patient, the personnel costs and material costs were assessed in detail. Extra personnel costs were estimated by expert opinion or by analyzing real-time procedure durations. If an ECLS procedure was performed during another surgery, for example, cardiac surgery or lung transplantation, no extra personnel costs were calculated; the ECLS procedure was considered to be part of the surgery. The location where a procedure took place and the cannulas used were extracted in detail from the patient files. In this way, a price per procedure per patient was calculated. For each procedure, the costs of all patients were averaged, so that a mean costs per procedure could be allocated to each patient.
Apart from the costs of the four ECLS procedures, a daily surcharge for the use of the ECLS was calculated. With regard to the daily personnel costs, expert opinion indicated that a resident or intensivist spends no extra time on the daily care of an ECLS patient, compared with a general ICU patient. This time for direct patient care is included in the standard price for one nursing day according to Dutch reference prices. The perfusionist visits the patient three times a day, and in contrast with the time spent by nurses and ICU physicians, the perfusionist working hours are not included in the price for one nursing day and thus added to the total costs. Also, a daily price for the depreciation of the device used for ECLS is calculated in accordance with the step-by-step plan postulated by the Dutch manual for costing (14) . The daily surcharge for one ECLS day is set on €313.15 based on €79.50 for the work of the perfusionist and €233.65 for daily depreciation of the ECLS. The daily costs for ECLS use are determined for each patient separately.
Data collection for cost analysis was performed by analyzing healthcare consumption. Medical costs were estimated by multiplying registered healthcare consumption with unit prices. Unit prices were largely based on Dutch reference prices in order to facilitate comparisons with other economic evaluations (14) . When standard prices were not available in the context of this current study, medical costs were estimated by consulting the hospital financial records to retrieve the most recent (2012) hospital unit prices. Because this economic evaluation is performed from a hospital perspective and covers the hospital admission in which the patient receives ECLS therapy, only the direct medical costs were included for cost analysis. For example, transports to the hospital and out-patient visits are not included in these costs.
In our evaluation, prices were used from different years. These prices need to be converted to a base year using consumer price indices. Our base year was set on 2013, and the consumer price indices were used to convert the prices to our base year (14) .
The following resource quantities were identified: nursing days, medication, functional examinations (i.e., bronchoscopy, ECGs, and lung function testing), imaging tests, transplantation costs, renal replacement therapy, screening, surgery and anesthesiology costs, laboratory tests, microbiology costs, blood products, and procedural costs of ECLS therapy.
In order to estimate the costs of ECLS therapy based on indication, all patients were categorized into six different subgroups: respiratory bridge to recovery, respiratory bridge to transplant, cardiac bridge to recovery, cardiac bridge to transplant, cardiac postcardiotomy, and ECPR. Our subgroup categorization follows the Extracorporeal Life Support Organization (ELSO) registry definitions for indication (15) , but we split our respiratory patients into two categories and cardiac patients into 3 categories because of different patient characteristics within the general groups as described previously (16) .
We searched PubMed for hospital cost analysis/resource use in ECMO/ECLS in adults. We also handsearched the reference lists of included articles to identify additional articles. The electronic literature search strategy was last updated January 30, 2015.
The medical ethics committee of the UMCG reviewed the study and waived the need for approval (METc 2014/011).
Statistical Analysis
Both mean and sd and median and interquartile range were calculated for all primary and secondary outcome variables as appropriate. In order to calculate alternative CIs surrounding the estimates of mean costs, bootstrapping was performed to generate 5,000 replications of the original data set. Based on the 2.5th and the 97.5th percentile score, the CI was determined.
RESULTS
All 67 patients who received ECLS therapy during the study period were included in this cost analysis. One patient received ECLS therapy twice within one ICU admission. These two ECLS runs were seen as one long ECLS run, and duration times of the two runs were summed. Patient demographics and baseline characteristics are shown in Table 1 . The first application of ECLS therapy in a patient in our hospital was in 2010. That year, the sum of all ECLS days was 40. The sum of all ECLS days grew rapidly; in 2011, it was 89, the following year 140, and in 2013, it increased to 174 days. Mean and median duration of ECLS treatment were 135 and 91 hours (range, 1-824) for all 67 patients. The total duration of ECLS treatment differs largely between patient categories with the "respiratory-bridge transplant" as the longest with a median of 148 hours followed by "respiratory bridge to recovery" category with a median of 114 hours. The shortest duration was seen in the postcardiotomy patients with a median duration of 21 hours.
Overall survival-to-hospital discharge was 23 of 67 patients (32%); this was 5 of 11 (45%) for respiratory bridge to recovery, 17 of 27 (48%) for bridge to lung transplantation, 2 of 8 (25%) for cardiac bridge to recovery, 0 of 2 (0%) for cardiac bridge to bridge/heart transplantation, 1 of 5 (20%) for postcardiotomy patients, and 2 of 14 (14%) in ECPR patients.
The mean total hospital cost, including pre-ECLS and post-ECLS stay and procedures, was €106,263 (95% CI, €83.841 to €126.266) ($145,580). Nursing days constitute 52% of the total costs ( Table 2 ). The total mean cost for all four ECLS-related procedures was € 9,804. The mean material cost of ECLS connection was €5,794, cannula change was €4,302, and oxygenator switch was €4,722. The cost of ECLS therapy (procedures and costs of daily surcharge) was €11,948 per patient during the hospital admission (11%). The healthcare consumption covered in the other resource quantities is responsible for 37% of the total costs ( Table 2 ). An overview of the hospital costs, specified by patient category, is shown in Table 3 .
DISCUSSION
In this large study of hospital costs in ECLS-treated patients, we found a mean total hospital cost of €106,263 per patient. More than half of the total hospital costs arise from hospital nursing days and about 11% from direct ECLS procedurerelated costs. Of the remaining, surgery and diagnostics form a vast amount of costs.
The amount of total hospital costs ranges largely, depending on the indication and subsequent type of ECLS and therefore length of stay. The patients in the category "respiratory -bridge to transplant" have the highest mean total hospital costs, caused in part of their extended hospital stay. The lowest total hospital costs are found in the ECPR category, probably because these patients had a short duration of ECLS treatment and hospital admission, which is mainly because of the worse outcome in combination with a policy of withdrawal of medical support as soon functional recovery is considered futile.
The survival rates reported here are lower than seen in most other studies, as well as in the ELSO registry. Research studies tend to take place at big centers with well-established ECMO protocols, and the ELSO registry receives self-reported data from a consistent group of large ECMO centers. When looking at an individual center, starting their ECLS program patient selection is the key to success. This is best shown for our postcardiotomy group were ECLS was used as a heroic final effort but too late and therefore futile.
With a total of 67 patients analyzed, our study is the largest economic evaluation using the bottom-up microcosting approach, providing a detailed insight of hospital costs in adult patients treated with ECLS in the Netherlands. The different resource quantities were assessed in detail for each patient, by using reference prices from the Dutch manual. Own unit cost calculations were only used when reference prices are not available. Using the bottom-up microcosting method, a reliable statement about the contribution of ECLS therapy in total hospital costs can be made. Also, these methods result in a large generalizability of the findings, especially for Europe.
In the largest economic and efficacy assessment of ECMO in ARDS most importantly for outcome was whether a patient was transferred to an ECMO-based management center, not always receiving ECMO treatment (5) . The indirect costs and significant follow-up after hospital discharge were also taken into account. The calculated cost/nursing day is based on the number of organs supported. The costs used were based on hospital billing systems and not according to the bottom-up method (14) . Therefore, direct comparison is not possible.
Several other studies assessed hospital costs of ECLS treatment with widely varying total hospital costs, as summarized in (16) (17) (18) (19) Table 4 .
A small Norwegian economic analysis was performed in 2007 containing 14 consecutive ECLS patients of which nine were adults. Indications for ECLS were both respiratory and cardiac failure. The mean estimated total hospital cost was found to be €153,403 (17) . They used a top-down calculated standard ICU nursing day price and added costs generated by excess resources, such as physicians, anesthesiologist, perfusionists, respiratory physiotherapists, and other staff members. In our study, we considered an ECLS patient not to be significantly different in daily care from other ICU patients, except for the extra resources used during ECLS procedures and the visits by a perfusionist. This different approach of the ECLS costs may explain the difference in the total hospital costs. Considering their small population and wide interquartile range, the results seem to be a less accurate estimation of true costs compared with our study.
A case series of 10 patients from Portugal with influenza H1N1-related ARDS found a median cost of total hospital admission of €44,857 per patient (18) . Costs were retrospectively analyzed by using both bottom-up and top-down approaches. In our study, the 11 patients in the "respiratory bridge to recovery" category, probably the best comparable subgroup of patients, had a median cost of €86,603 despite a shorter duration of ECLS treatment (6 vs 22 d) and ICU length of stay (19 vs 36 d). Although we had one extremely expensive patient (total hospital cost of €353,392), the difference in costs is remarkable. Because the sample size for this specific subgroup is small, the difference might be explained by coincidence or by more variety in complexity in our patients.
The difference between charges and cost is another pitfall in estimating costs as illustrated by two studies from the Unites States. Trends in volume, outcome, and resource use in ECMO in adults were studied by analyzing the Nationwide Inpatient Sample (NIS) in the United States for the period 1998-2009 and 2006-2011 (16, 19) . In the NIS database, the costs were estimated using the total hospital charges for each patient.
Total hospital charges averaged $344,009 per admission, with average charges per day of $40,588, with a hospital length of stay of 18 days for the period 1998-2009 (16) . For the latest period, the NIS database was adjusted using the cost-to-charge ratios for each hospital, to converse charge data to cost estimates. The total hospital costs were $120,000 per patient and less than $10,000 per day (19) .
Total hospital charges as reported in the NIS represent hospital billing, not actual expenditures or reimbursement. The relationships among hospital charges, hospital costs, insurance reimbursement, and patient copayments are complex and complicate the extrapolation of these results to an estimation of the true societal cost for ECMO.
In addition, the NIS database is an admission-based database that has a risk of underestimating the total charges. Because a patient can upgrade to a higher level of care institution during the ECMO run and the charges are then split between two admission records. This limitation primarily affects the accuracy of an analysis of the absolute magnitude of resource use. So, both the use of charges instead of costs in the analysis and differences between the healthcare systems may account for big differences in cost estimates. For example, compared with the Netherlands, the United States has more ICU beds (20.0 vs 8.4 per 100,000 population), more ICU admissions (1,923 vs 466 per year per 100,000 population), and higher healthcare spending per capita (around €4,380 vs €2,190), making critical care more expensive (20) .
Certain limitations of our study must be appointed. Firstly, this is not a study comparing ECLS treatment with conventional treatment and neither did we have a matched control cohort. This means that we can only calculate the costs associated with ECLS treatment, not the additional costs of ECLS treatment compared with conventional treatment. Secondly, the main cost item, nursing days, which is responsible for more than half of the total hospital costs, is calculated using the gross costing method. Included in the standard price for one nursing day are averaged personnel time involvement and an averaged amount of medication costs. We assumed that ECLS patients did not use more expensive medication than other patients admitted on ICU, although this is dependent on the average complexity of patients admitted to the ICU, which largely differs per type of ICU or country. Anticoagulation therapy is mandatory for ECLS patients but hardly distinctive. Furthermore, the price of the commonly used anticoagulants is so low that it is negligible in the total cost (21) . Studies on medication use in ECLS patients focus on pharmacokinetics of commonly used drugs in the ICU to optimize drug therapy in this patient group and not on ECLS-specific drugs (22) (23) (24) . When extracting the calculated contribution of medication in our study, the medication forms 4% of the total costs versus 2% founded in the Norwegian cost study (16) . In both cases, the contribution of medication is thus relatively low. Another potential methodological limitation has to do with the hospital unit prices used for the analysis. Unit prices for individual codes are calculated to cover total hospital expenditures of all patients. Using this hospital, unit prices in a very specific patient population potentially give an underestimation of the cost for these resource quantities. However, we considered the alternative to manually adapt unit prices not to be appropriate because it would have induced more uncertainty.
With respect to the calculation of the ECLS procedure costs, the use of other ECLS systems than the Maquet Cardiohelp we used in our patients might be cheaper to assemble and maintain. However, ECLS procedure-related costs account for only 11% of total costs. The calculation of the daily surcharge for the ECLS device is based on the number of total ECLS days in 2013 that were more than in the three prior years included in our analyses. Increase of ECLS therapy in the future is likely, but to what extent and what the consequences for daily cost of the device will be was not taken into account. In adult respiratory cases, the ELSO registry reports an increase of 176%, from 480 patients in 2009 to 846 patients in 2012 (25) . In order to be able to integrate this variability on cost analysis, more insight in the growth of ECLS therapy in adults needs to be gathered as with more use; the average costs per patient might be reduced.
Our method potentially underestimates the costs for direct personnel included in the fixed price for one nursing day because ECLS treatment is still an upcoming treatment and therefore more resource demanding compared with standard treatments on the ICU. There are also costs involved in training and education of personnel according to ELSO guidelines, which recommends a 24-to 36-hour didactic course, hands-on water drill sessions, extensive laboratory training in new ECLS centers, and bedside training of new ECLS specialist of 16-32 hours (26) .
Considering the future growth of ECLS treatment, also experience with ECLS patients will expand. Therefore, in theory, ECLS patients can become less time consuming for direct personnel, such as nurses, which also decreases the average costs. In this manner, our study method of bottom-up microcosting evaluation anticipates on future developments of ECLS therapy, and the estimate of total costs stays applicable for a longer period. Furthermore, with regard to controlling the healthcare costs generated by the application of ECLS treatment, it should be recommended to concentrate ECLS treatment to a limited amount of centers. It is known that a rise in procedure volume has a positive effect on the healthcare quality and, as can be expected, to a certain degree on the costs as well (1).
This exploratory study of the total hospital costs of ECLS therapy in adults with respiratory or cardiac failure is the first step in assessing its cost-effectiveness. As ECLS therapy might be effective in terms of life saving, the definition of cost-effectiveness in this case is having an additional benefit worth the additional costs. Further studies must focus on cost-utility analysis, in which utility measures are used to assess outcome, for example, quality-adjusted life-years.
CONCLUSIONS
The mean total hospital cost of ECLS treatment is €106,263 per patient. From our study, it can be deduced that 52% of the 
